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A B S T R A C T
There has always been doubt on the accuracy of 2D analysis of small electric machines. To investigate
the validity of this doubt, in this present work a small uni-coil shaded-pole induction motor is analyzed
in 2D and 3D and the results are compared. In order to maintain the paper size as compact, the analysis
is limited to the air-gap ﬂux density distribution, variation of the main winding inductance against current
and the force acting on the rotor body; which are the important components of the motor performance.
It is found that although 3D analysis consumes several times more computing time and storage space,
improvement achieved in performance by use of 3D analysis is not very signiﬁcant. % rms difference between
the two cases is obtained as 0.76% for the main winding inductance and 0.59% for the force acting on
the rotor body. Also the air-gap ﬂux density distribution obtained from the two types of analysis is found
to be very close to each other. Therefore it is concluded that despite more computing time, more storage
requirements and more human effort in the case of 3D analysis, the degree of improvement is not pro-
portionally rewarding, and hence, 2D analysis is suﬃcient for the analysis of small machines.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
Despite the low eﬃciency and low starting torque of single-
phase shaded-pole induction motors (SPSPIM), due to their need
for less maintenance, simple structure and low cost, they are widely
used in low power applications, such as home appliances [1,2]. Al-
though they have simple construction and are easy to manufacture,
their mathematical analysis and performance evaluation is the
hardest among all kinds of electrical machines. There isn’t any stan-
dard equivalent circuit or a unique technique for their analysis [3].
Using FEM, some important performance parameters such as the
air-gap ﬂux density distribution, iron losses, induced voltages,
winding inductance and electromagnetic torque can be computed
with signiﬁcantly good accuracy [4–9].
Literature survey shows that many attempts have been made to
analyze the SPSPIMs in 2D using FEM under different operating con-
ditions [8–11]. Sarac and Cundev [12] studied, in 2D, the effect of
different soft magnetic materials on the performance of SPSPIMs
at 0 Hz and at 50 Hz. Petkovska et al. [13] have studied the ﬂux
density distribution over the 2D cross-section of the machine by
exciting the windings independently and all together and they
claimed that skewing the rotor bars increases the air-gap ﬂux density.
Sarac and Cvetkovski [14] used genetic algorithm optimization tech-
nique to obtain the ﬂux density distribution over the 2D cross-
section of the motor with 3 different machine models at rated load.
Özçelik et al. [15] in their study compared the performances of a
single-phase split-capacitor induction motor, a brushless perma-
nent magnet DC motor and a shaded pole motor in a cooker hood
application. They have reported that the shaded pole motor can
support the required load torque and it is cheaper than the split-
capacitor induction motor, but its eﬃciency is inferior to that of the
split-capacitor induction motor.
It is important to estimate the level of error in various perfor-
mance parameters of SPSPIMs when analyzed in 2D. It is a general
thought among researchers that the smallest is the electric machine
dimensions, the largest is the error in performance evaluation as
compared to 3D analysis. But there isn’t any concrete proof for this
claim than to know the level of error arising from use of 2D anal-
ysis. Therefore to provide a more reliable answer to this claim, in
this investigation, electrostatic FEM analysis of a selected SPSPIM
has been conducted in 2D and 3D and results are compared. It is
shown that the level of error resulting from the use of 2D analysis
as compared to 3D analysis isn’t very signiﬁcant. Therefore it is rec-
ommended that there is no need to undergo extra computational
burden arising from use of 3D analysis. The motor speciﬁcations and
the winding excitation values used in this study are summarized
in Table 1.
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2. Results of the 2D analysis
Design of electrical machines is complex in nature. To obtain sat-
isfactory design, the electromagnetic, thermal and mechanical
phenomena, with their own constrains, need to be considered to-
gether. To deal with such a complex problem, eﬃcient mathematical
tools have been developed into software packages. Among them one
of themost eﬃcient is the Finite ElementsMethod computer package
(FEM). Nowadays, with the use of commercial FEM programs, the
design of electric machines and their performance analysis can be
achieved with high accuracy [3].
As a result of the 2D or 3D electromagnetic modeling and anal-
ysis using FEM, the core losses, winding inductance, induced voltages,
ﬂux density and electromagnetic torque of the machine can be de-
termined. However, such an analysis entails a lot of computational
effort and is time-consuming. There is a close relation between the
type of modeling, computational effort and accuracy. For example
course mesh requires less computational burden and less comput-
ing time at the expense of accuracy. On the other hand, it is expected
that, mainly for small machines, 3D analysis will result in better ac-
curacy at the expense of more computational burden as compared
to 2D analysis. Therefore, the designer has to make a decision
between accuracy and computational burden. For an initial design,
speed in calculations, at the expense of accuracy, may be pre-
ferred to have a rough idea on the performance of a machine under
consideration [16,17].
In this investigation 2D and 3D analysis of a single-phase uni-
coil shaded-pole induction motor (SFUCSPIM) will be compared and
any need for 3D analysis will be explored. Fig. 1 shows the struc-
ture and FEM mesh of the machine under investigation.
The mesh is automatically generated by the mesh generation
program of the Ansys Maxwell. The mesh is composed of a total
of 16,541 elements. To increase accuracy, the mesh is made much
ﬁner in the air-gap and at the corners.
For the motor under investigation, the ﬂux density distribution
for 2D analysis and at f = 0 Hz is computed for three different ex-
citation conditions, as follows:
• Only stator main winding is excited.
• Only shading rings are excited.
• Both themainwinding and the shading rings are excited together.
The results are shown in Fig. 2a–2c. All the excitation values used
in these computations are given in Table 1.
Steel sheets used are of M270 type. In Fig. 2a and 2b the
maximum ﬂux density value is 1.881 T. In Fig. 2c where only the
shaded coils are excited with 5 AT, the maximum ﬂux density value
is obtained as 0.1 T. Under the applied excitation conditions, the core
did not saturate to the BH characteristic belonging to M270. There-
fore, this excitation value is regarded to be suitable. Attention should
be paid to the value of the ﬂux density in the regions where the
magnetic ﬂux path is narrow. The ﬂux density distribution dem-
onstrated in Fig. 2 are obtained using the following Equations [8,9,18]:
∂
∂
∂
∂
⎛⎝⎜ ⎞⎠⎟ +
∂
∂
∂
∂
⎛
⎝⎜
⎞
⎠⎟ = −x v
A
x y
v
A
y
J (1)
where A is the magnetic vector potential and J is the current density,
which is equal to zero for steel and air parts. From Equation 1, the
magnetic ﬂux density components, Bx and By in the x and y axis di-
rections, are stated as below:
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The magnetic ﬂux density B is calculated from Equation 3.
B B Bx y= +2 2 (3)
3. Results of the 3D analysis
A more detailed modeling and analysis of the corresponding
model, which is designed as 2D and which passed the initial design
phase, may be proceeded for manufacture. In the 2D modeling end
winding and fringing effects are not properly accounted. It will be
interesting to see the performance difference between the 2D and
3D analysis. Results of the 3D analysis will be presented below. Al-
though in the 2D design and analysis it is suﬃcient to work with
one part of symmetrical geometries by using periodicity bounda-
ry conditions, in case of the 3D design and analysis of electric
machinery of which the geometric structure is not symmetrical,
taking the full structure is mandatory. The 3D model and the 3D
mesh are shown in Fig. 3.
Again for the motor under investigation the 3D ﬂux density dis-
tribution at f = 0 Hz (magnetostatic) is computed for different
excitation conditions, as follows:
• Only stator main winding is excited.
• Only shading rings are excited.
• Both the main winding and shading rings are excited together.
The results are shown in Fig. 4a–4c. All excitation values are same
as those given in Table 1.
Table 1
Design parameters.
Parameter Value
Core length(mm) 100
Skew angle 0
Number of poles 2
Number of slot 18
Core material M270
Main coil excitation 1000AT
Shading coil excitation 5AT
Fig. 1. 2D mesh model of the motor.
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Fig. 2. Flux density distribution on the cross-section of the machine: (a) both windings are excited, (b) only the main winding is excited, (c) only the shading rings are
excited.
Fig. 3. (a) 3D model of the motor, (b) mesh model of the motor.
3A. Dalcali, M. Akbaba/Engineering Science and Technology, an International Journal 19 (2016) 1–7
In Fig. 4a and 4b the maximum ﬂux density value is 1.8824 T.
In Fig. 4c where only the shaded coils are excited with 5 AT, the
maximum ﬂux density value is obtained as 0.1 T. It can be seen from
Fig. 4a and 4b that most part of the machine core is operating at
the ﬂux density values ranging from 1.29 T to 1.54 T. Only in some
narrow part on the ﬂux path is the ﬂux density value reaching 1.8
T. From the comparison of this value with the BH characteristic of
the used core material M270, which has a saturation ﬂux density
value of around 2T, it can be stated that with the chosen current
density values, the machine can operate comfortably without being
drawn into core saturation. On the other hand, it is evident that the
results obtained from the 3D analysis are in good agreement with
the results obtained from the 2D analysis, which are shown in Fig. 2a
and 2b, and hence these support the suitability of the 2D analysis
for small machines as well.
The ﬂux density distribution for 3D is shown in Fig. 5. The ﬂux
density distribution demonstrated in Figs. 4 and 5 are obtained using
following equations:
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Magnetic ﬂux density is calculated from Equation 5.
Fig. 4. Flux density distribution on the cross-section of the machine for the 3D calculation: (a) both windings are excited, (b) only the main winding is excited, (c) only the
shading rings are excited.
Fig. 5. Flux density distribution in 3D analysis.
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B B B Bx y z= + +2 2 2 (5)
4. Comparison of the results obtained from the
2D and 3D analysis
The analysis for both 2D and 3D are conducted with a PC having
4 GB RAM and the results are compared in Table 2. When only the
main winding is excited the force acting on the rotor body is 5.0984
N for the 2D analysis and 5.00986 N for the 3D analysis. From Table 2
it is seen that the number of elements used in the 2D analysis is
16,541 triangular elements while 440,416 prism elements are used
in the 3D analysis. Naturally this difference is reﬂected on the com-
puter storage space and the computing time.
Taking the winding inductance obtained from the 3D analysis
as the base, the error in winding inductance appearing in Table 2,
which is obtained from the 2D analysis, is formulated as given in
Equation 6.
%error abs
L L
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D D
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The air-gap ﬂux density distribution is demonstrated in Fig. 6
for both the 2D and 3D analysis. The motor under investigation is
a 2 pole motor and Fig. 6 demonstrates the air-gap ﬂux density dis-
tribution under each pole. Examination of this ﬁgure shows the
difference between the air-gap ﬂux density distribution obtained
from the 2D and 3D analysis is fairly small. This indicates that results
obtained from the 2D analysis are acceptable and hence it is not
necessary to involve much complicated 3D analysis.
To observe the effect of the magnetic saturation on the main
winding inductance, themain winding excitation AT has been varied
from 50 AT to 1450 AT with an increment of 50 AT and correspond-
ing inductance values is computed for the 2D and 3D analysis. Fig. 7
shows the plot of calculated winding inductance versus main
winding AT.
Also the air-gap ﬂux density for the 2D and 3D analysis are com-
puted for the excitation AT values used for computing the main
winding inductance as described above and the results are plotted
in Fig. 8.
Percentage error allows one to check the accuracy of the desired
solution. At each step of the adaptive process, energy and energy
error are calculated and themost current solutions are obtained [19].
In all analyses in this study, a sensitivity rate of 1% was chosen. In
the performed analysis, the total ﬁle size and solution time are com-
paratively given in Fig. 9. The 3D analysis has a ﬁle size approximately
10 times greater than the 2D analysis. When the solution time is
observed, it is seen that the 3D analysis lasts for extremely much
longer time (approximately 100 times) as compared to the 2D
analysis.
5. Conclusion
In designing electrical machines, a choice has to bemade between
accuracy and computational burden, which in turn means time
burden. At ﬁrst attempt it is preferred to obtain a faster model which
will result in rough ﬁeld distribution and performance analysis. Once
promising results are obtained in this initial stage, then search is
made for a more accurate model. But in some cases improvement
efforts do not result in a greater advantage. In such cases time-
consuming extra efforts and paid computational burden are not
signiﬁcant. In this investigation the 3D and 2D analysis of a single-
phase shaded pole motor have beenmade and results are compared.
Normally it is always expected that, especially for smaller ma-
chines, the 3D analysis should produce more accurate results as
compared to the results obtained from the 2D analysis. Despite the
extra efforts and highly increased computational burden devoted
to the 3D analysis, it is observed that the results are not signiﬁ-
cant when compared with the results obtained from the 2D analysis.
Therefore it is concluded that the 2D analysis can be accepted as
optimum solution for the analysis of single-phase shaded polemotors
when extra effort and computational burden is compared with the
level of improvement achieved from the use of the 3D analysis. The
same idea can be generalized for all small machines as is the case
for larger machines.
Table 2
Results for the case when only the main winding is excited at 1000 AT.
Parameter 2D 3D %error
Main winding inductance 3.5931 μH 3.6203 μH 0.76
Force acting on the rotor body 5.0984 N 5.0686 N 0.59
Number of elements used in solution 16,541 440,416
Total ﬁle size 30.6 MB 381 MB
Fig. 6. Comparison of the air-gap ﬂux density distribution obtained from the 2D and
3D analysis.
Fig. 7. Variation of the main winding inductance with the main winding excita-
tion ampere-turns.
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